Perception of microbe-associated molecular patterns (MAMPs) including chitin by pattern recognition receptors (PRRs) rapidly induces activation of mitogen-activated protein kinase (MAPK) cascades. However, how PRRs transmit immune signals to the MAPK cascade is largely unknown. Recently, Arabidopsis receptor-like cytoplasmic kinase PBL27 has been reported to activate MAPKs through phosphorylation of AtMAPKKK5 in the chitin signaling pathway. In this study, we found that OsRLCK185, a rice ortholog of PBL27, regulates chitin-induced MAPK activation in a similar fashion to PBL27 in rice. Upon chitin perception, OsRLCK185 is phosphorylated by OsCERK1, a component of the chitin receptor complex. OsRLCK185 interacted with OsMAPKKK11 and OsMAPKKK18, rice orthologs of AtMAPKKK5, in yeast two-hybrid assays. Silencing of both OsMAPKKK11 and OsMAPKKK18 significantly reduced chitin-induced activation of OsMPK3 and OsMPK6. Expression levels of OsMAPKKK18 were much higher than that of OsMAPKKK11 in rice cells, which was consistent with the fact that the Osmapkkk11 single mutation did not affect MAPK activation. This result suggested that OsMAPKKK18 plays a more important role than OsMAPKKK11 in the chitin-induced activation of OsMPK3 and OsMPK6. The bimolecular fluorescence complementation (BiFC) experiment indicated that OsRLCK185 interacted with OsMAPKKK18 at the plasma membrane in planta. In vitro phosphorylation experiments showed that OsRLCK185 directly phosphorylates OsMAPKKK18. Furthermore, OsMAPKKK18 interacted with the MAPKK OsMKK4, the upstream component of OsMPK3/6. These results suggested that OsRLCK185 connects the chitin receptor to the MAPK cascade consisting of OsMAPKKK18-OsMKK4-OsMPK3/6. Our data revealed that chitin-induced MAPK activation in rice and Arabidopsis is regulated by common homologous elements.
Introduction
Plants have evolved immune systems to defend against pathogens. Perception of microbe-associated molecular patterns (MAMPs), including bacterial flagellin, elongation factor-Tu (EF-Tu) and peptidoglycan, and fungal chitin, is mediated by plasma membrane (PM)-localized pattern recognition receptors (PRRs) (Dangl et al. 2013 ). Perception of MAMPs by PRRs activates a variety of immune responses including the production of antimicrobial compounds and callose deposition through early activation of mitogen-activated protein kinases (MAPKs) and the production of reactive oxygen species (ROS) (Macho and Zipfel 2014) .
MAPK cascades are critical signaling modules for immunity, stress responses and development in plants (Ichimura et al. 2002) . Each MAPK cascade consists of a three-tier protein kinase module, in which a MAPK is activated by phosphorylation by a MAPK kinase (MAPKK) following phosphorylation of the MAPKK by a MAPK kinase kinase (MAPKKK). In rice, there are 75 MAPKKKs, eight MAPKKs and 15 MAPKs (Rao et al. 2010) . Activation of MAPKs induces immune responses by the phosphorylation of transcription factors and enzymes (Asai et al. 2002 , Tena et al. 2011 , Tsuda et al. 2013 ). In fact, many proteins with different biological functions have recently been demonstrated to be directly phosphorylated by MAPKs (Zhang et al. 2016) , consistent with the fact that MAPKs are involved in a variety of cellular responses.
Plant PRRs are receptor-like kinases (RLKs) or receptor-like proteins (RLPs). In addition to the extracellular ligand-binding ectodomain and transmembrane domain, RLKs contain an intracellular kinase domain, whereas RLPs contain a short cytoplasmic tail lacking an apparent signaling domain (Monaghan and Zipfel 2012) . Arabidopsis FLS2 and EFR are wellinvestigated RLKs with extracellular leucine-rich repeat (LRR) domains, and they perceive peptides derived from bacterial flagelin and EF-Tu, respectively. (Monaghan and Zipfel 2012) . These receptors form a hetero complex with a LRR-RLK BAK1 upon ligand perception, and rapidly induce ROS production and MAPK activation (Chinchilla et al. 2007 , Schwessinger et al. 2011 . The FLS2-BAK1/EFR-BAK1 complexes phosphorylate BIK1, a member of the Arabidopsis receptor-like cytoplasmic kinase (RLCK) family (Lu et al. 2010 , Shi et al. 2013 . Recently, it has been reported that BIK1 phosphorylates the N-terminal region of the NADPH oxidase RbohD (respiratory burst oxidase homolog D) in response to ligand perception, which rapidly induces ROS production (Kadota et al. 2014 . However, how MAPKs are activated downstream of FLS2 and EFR remains to be identified.
In Arabidopsis, fungal chitin is recognized by a receptor complex consisting of CERK1 and LYK5, RLKs with extracellular lysine motif (LysM) domains that bind directly to chitin (Miya et al. 2007 , Liu et al. 2012 , Cao et al. 2014 . Upon chitin perception, CERK1 phosphorylates the RLCK PBL27 (Shinya et al. 2014) . A knockout mutation of PBL27 reduced chitin-dependent activation of the MAPKs MPK3 and MPK6, but not ROS production, indicating that PBL27 functions upstream of the MAPK cascade. Recently, we found that PBL27 interacts with and phosphorylates AtMAPKKK5, a member of 80 Arabidopsis MAPKKKs. Genetic and biochemical studies indicated that AtMAPKKK5 regulates chitin-induced activation of MPK3 and MPK6 through phosphorylation of two MAPKKs, MKK4 and MKK5 (Yamada et al. 2016) . This finding revealed a phospho-signaling pathway consisting of CERK1-PBL27-AtMAPKKK5-MKK4/5-MPK3/6 in Arabidopsis, indicating that PBL27 functions as a MAPKKK kinase linking the chitin receptor and the MAPK cascade.
Rice RLP CEBiP is a chitin receptor with extracellular LysM domains (Kaku et al. 2006) . CEBiP directly recognizes chitin with the LysM domains, and forms a receptor complex with an RLK OsCERK1 (Shimizu et al. 2010 ). Perception of chitin by CEBiP and OsCERK1 triggers a rapid activation of a rice MAPK cascade consisting of OsMKK4-OsMPK3/OsMPK6 (KishiKaboshi et al. 2010) . Recently, we found that a rice RLCK OsRLCK185, a rice ortholog of PBL27, interacts with the cytoplasmic kinase domain of OsCERK1 and is phosphorylated by OsCERK1 in a chitin-dependent manner (Yamaguchi et al. 2013b ). Silencing of OsRLCK185 reduces both ROS production and MAPK activation induced by chitin perception. These results imply that OsRLCK185 regulates the activation of the MAPK cascades and Rbohs in a chitin-dependent manner in rice, whereas BIK1 and PBL27 independently regulate RbohD activity and MAPK activation, respectively, in Arabidopsis (Kadota et al. 2014 , Yamada et al. 2016 . Although knockdown of OsRLCK176, a rice RLCK close to BIK1, and OsRacGEF1, a guanine nucleotide exchange factor for the small GTPase OsRac1, also reduced both MAPK activation and ROS production (Akamatsu et al. 2013 , Ao et al. 2014 , whether OsRLCK185 co-operates with OsRLCK176 and/or OsRacGEF1 in these responses remains to be analyzed.
Here, we report that OsRLCK185 interacts with OsMAPKKK11 and OsMAPKKK18, rice orthologs of AtMAPKKK5. Silencing of both OsMAPKKK11 and OsMAPKKK18 reduced chitin-induced activation of OsMPK3 and OsMPK6. However, a single Osmapkkk11 knockout mutation did not affect MAPK activation.
These data suggest that OsMAPKKK18 plays a major role in the MAPK activation in rice chitin signaling. OsRLCK185 directly interacts with OsMAPKKK18 in vivo and phosphorylates OsMAPKKK18 in vitro. Additionally, OsMAPKKK18 interacts with OsMKK4, a MAPKK for OsMPK3/6 (Kishi- Kaboshi et al. 2010) . These results suggested that OsRLCK185 links the chitin receptor and a MAPK cascade consisting of OsMAPKKK18-OsMKK4-OsMPK3/6. Thus, it is likely that chitin-induced MAPK activation in rice is mediated by a pathway paralleling the Arabidopsis pathway composed of CERK1-PBL27-AtMAPKKK5-MKK4/MKK5-MPK3/MPK6 (Yamada et al. 2016) .
Results

OsRLCK185 interacts with OsMAPKKK11 and OsMAPKKK18
Previous results indicated that OsRLCK185 is phosphorylated by OsCERK1 upon chitin recognition, and silencing of OsRLCK185 reduces activation of OsMPK3 and OsMPK6 (Yamaguchi et al. 2013a ). This result suggested that OsRLCK185 may connect the CERK1-CEBiP complex to the MAPK cascade in chitin signaling. Recently, we also showed that PBL27, an Arabidopsis homolog of OsRLCK185, interacts with and phosphorylates AtMAPKKK5, which triggers activation of MAPKs in the chitin response (Yamada et al. 2016) . Based upon these observations, we considered the possibility that a rice homolog of AtMAPKKK5 may function downstream of OsRLCK185 to regulate chitin-induced MAPK activation. BLAST database search identified OsMAPKKK11 (Os07g0119000) and OsMAPKKK18 (Os03g0764300) as the rice homologs of AtMAPKKK5. Phylogenetic tree analysis indicates that OsMAPKKK11 and OsMAPKKK18 are closest to AtMAPKKK5 among rice MAPKKKs (Fig. 1A) . The amino acid sequences of OsMAPKKK11 and OsMAPKKK18 exhibited 42% and 37.1% identity, respectively, with AtMAPKKK5. OsMAPKKK11 and OsMAPKKK18 have 61.4% identity at the amino acid level with each other. Motif analysis showed that OsMAPKKK11 and OsMAPKKK18 contain a central kinase domain, but the N-and C-terminal domains do not possess any known motif (Fig. 1B) .
To examine whether OsRLCK185 interacts with OsMAPKKK11 and OsMAPKKK18, we performed yeast twohybrid analysis and found that OsRLCK185 interacted with the full-length proteins of OsMAPKKK11 and OsMAPKKK18 (Fig. 1C) . To reveal which domains of OsMAPKKK11 and OsMAPKKK18 are responsible for interacting with OsRLCK185, we produced three constructs, each of which contained the N-terminal, kinase or C-terminal domains of OsMAPKKK11 or OsMAPKKK18. Yeast two-hybrid experiments showed that OsRLCK185 interacted with the N-and C-terminal domains, but not the kinase domain of OsMAPKKK11 and OsMAPKKK18 (Fig. 1C) . However, there was no similarity in the amino acid sequences between the N-and C-terminal domains in OsMAPKKK11 and OsMAPKKK18. Thus, we were unable to identify any specific sites involved in the interaction with OsRLCK185. In addition, we also analyzed an interaction of OsRLCK176 with OsMAPKKK11 and OsMAPKKK18 (Ao et al. 2014 ). However, OsRLCK176 did not interact with any domains of OsMAPKKK11 and OsMAPKKK18 in the yeast two-hybrid system ( Fig 1C) .
Ectopic expression of several MAPKKK genes including AtMAPKKK5 in Nicotiana benthamiana (Nb) leaves has been shown to induce cell death (del Pozo et al. 2004 , Hashimoto et al. 2012 , Yamada et al. 2016 . To examine the cell deathinducing activities of OsMAPKKK11 and OsMAPKKK18, we expressed OsMAPKKK11-GFP (green fluorescent protein) and OsMAPKKK18-GFP in Nb leaves under the control of a Cauliflower mosiac virus (CaMV) 35S promoter by agroinfiltration. Both proteins induced cell death at almost the same levels in Nb leaves (Fig. 1D) , suggesting that OsMAPKKK11 and OsMAPKKK18 possess the same levels of cell death-inducing activities. Thus, it is likely that both OsMAPKKK11 and OsMAPKKK18 are functional.
OsMAPKKK11 and OsMAPKKK18 regulate chitininduced immune responses
To analyze whether OsMAPKKK11 and OsMAPKKK18 are involved in chitin response, we generated two transgenic cultured cell lines in which expression of both OsMAPKKK11 and OsMAPKKK18 was reduced by RNA interference (RNAi). Expression of OsMAPKKK11 and OsMAPKKK18 was significantly reduced in both RNAi cell lines ( Fig. 2A) . We treated these RNAi cells with chitin and analyzed phosphorylation of MAPKs by immunoblot with a-pMAPK. Chitin-induced MAPK activation in both RNAi cells was significantly reduced compared with the wild type (non-transformed plant) (Fig. 2B) .
In general, MAPKs activate a series of immune responses through the phosphorylation of transcription factors (Xu and Zhang 2015) . Therefore, we analyzed chitin-induced gene expression using the OsMAPKKK11/18 RNAi cell lines (Fig. 2C) . Expression of PBZ1 and OsPR10 was significantly reduced in the RNAi cell lines. In addition, the ROS levels induced by chitin treatment were measured by chemiluminescence using L-012 (Fig. 2D) . The same levels of ROS production were detected in wild-type and RNAi cell lines, suggesting that the ROS and MAPK pathways may be separated downstream of OsRLCK185.
Osmapkkk11 mutation does not affect chitininduced MAPK activation.
To analyze further the functions of these MAPKKKs, we obtained a retrotransposon Tos17-inserted mutant (NG9082) of OsMAPKKK11 from the National Institute of Agrobiological Sciences (Japan). The Osmapkkk11 mutant has the Tos17 insertion in the second exon (Fig. 3A) . Real-time PCR (RT-PCR) analysis showed that OsMAPKKK11 was not expressed in this Fig. 2 Silencing of OsMAPKKK11 and OsMAPKKK18 reduces chitin-induced MAPK activation and defense gene expression. (A) Expression levels of OsMAPKKK11 and OsMAPKKK18 in transgenic rice cultured cells carrying the OsMAPKKK11 and OsMAPKKK18 RNAi construct were measured by quantitative RT-PCR. Data are the means ± SD calculated using three biological replicates, where each biological replicate consists of two technical replicates. Asterisks indicate significant differences between the wild type and the RNAi cell lines (P < 0.01). (B) Chitin-induced MAPK activation in wild-type and RNAi rice cultured cells was analyzed by immunoblots with a-pMAPK. (C) Expression levels of PBZ1 and OsPR10 in wild-type and RNAi rice cultured cells were analyzed after treatment with 2 mg ml -1 chitin using quantitative RT-PCR. Asterisks indicate significant differences between the wild type and the RNAi cell lines (P < 0.05). (D) Silencing of OsMAPKKK11 and OsMAPKKK18 does not influence chitin-induced ROS production. Rice cultured cells were treated with 2 mg ml -1 chitin in a solution containing 500 mM L-012 and 10 mg ml -1 horseradish peroxidase. ROS production was quantified using a luminescent image analyzer. Data are means ± SD (n = 15) calculated using three biological replicates, where each biological replicate consisted of two technical replicates. mutant (Fig. 3B) . We also searched for OsMAPKKK18 mutants in public databases, but no Osmapkkk18 mutant was available. Therefore, we tried to generate the Osmapkkk18 mutant by the CRISPR/Cas9 system (clustered regularly interspaced short palindromic repeats/CRISPR-associated protein 9); however, we failed to obtain a mutant even though we carried out repetitive trials. We examined chitin-induced activation of MAPKs using the Osmapkkk11 mutant. However, a single mutation of Osmapkkk11 did not affect MAPK activation (Fig. 3C) . Because silencing of both OsMAPKKK11 and OsMAPKKK18 reduced chitin-induced activation of MAPKs, it is possible that OsMAPKKK18 may play a more important role than OsMAPKKK11 in chitin-induced MAPK activation. The result was supported by the fact that the transcript level of OsMAPKKK18 was >20 times higher than that of OsMAPKKK11 in rice cultured cells (Fig. 3D) . Consistent with this, the publicly available rice transcriptome database, TENOR (http://tenor.dna.affrc.go.jp/), indicated that the expression levels of OsMAPKKK11 are much lower compared with those of OsMAPKKK18 in both root and shoot (Kawahara et al. 2016) .
OsRLCK185 phosphorylates OsMAPKKK18
To analyze the subcellular localization of OsMAPKKK18, it was fused to GFP and expressed in Nb leaves. GFP fluorescence was detected in the cytosol and PM (Fig. 4A) . The PM localization of OsMAPKKK18-GFP was confirmed by plasmolysis with 1 M NaCl. This subcellular localization was similar to that of AtMAPKKK5 (Yamada et al. 2016) . To examine in vivo interaction between OsRLCK185 and OsMAPKKK18, we performed bimolecular fluorescence complementation (BiFC) experiments. OsRLCK185 was tagged with the C-terminal domain of Venus at the C-terminus, and OsMAPKKK18 was tagged with the N-terminal domain of Venus at the C-terminus. However, co-expression of OsRLCK185 and OsMAPKKK18 in Nb leaves induced cell death, which disturbed observation of the fluorescence. Therefore, we generated a kinase-inactive mutant OsMAPKKK18
K416R by substitution of lysine at position 416 with arginine. The substitution did not affect the localization of OsMAPKKK18-GFP (Fig. 4B) . Co-expression of OsRLCK185-Vc and OsMAPKKK18 K416R -Vn displayed fluorescence in the PM (Fig. 4C) . We also examined the interaction between OsRLCK176 and OsMAPKKK18. Consistent with the yeast two-hybrid results (Fig. 1C) , no signal was observed by expression of OsRLCK176-Vc with OsMAPKKK18 K416R -Vn. Thus, it is likely that OsMAPKKK18 and OsRLCK185 form a complex at the PM where OsCERK1 and OsRLCK185 interact with each other (Yamaguchi et al. 2013a) .
Recently, we found that AtMAPKKK5 was activated via phosphorylation by PBL27 in chitin signaling (Yamada et al. 2016) , suggesting the possibility that OsMAPKKK18 may be regulated in the same manner as AtMAPKKK5. Therefore, we tested whether OsRLCK185 phosphorylates OsMAPKKK18 using an in vitro phosphorylation assay. We purified recombinant proteins of glutathione S-transferase (GST)-fused OsRLCK185 and His-tagged each domain of OsMAPKKK18 using a protein expression system in Escherichia coli. The fulllength OsMAPKKK18 protein was not expressed in E. coli. The in vitro phosphorylation assay showed that the N-and C-terminal domains of OsMAPKKK18 were strongly phosphorylated in the presence of GST-OsRLCK185, whereas the kinase domain of OsMAPKKK18 K416R displayed only a faint signal (Fig. 4D) . This phosphorylation specificity coincided with the yeast two-hybrid results (Fig. 1C) . These results suggested that OsRLCK185 may transmit the immune signal to OsMAPKKK18 through the phosphorylation of its N-and/or C-terminal regions.
OsMAPKKK18 interacts with OsMKK4
As described above, chitin-induced activation of OsMPK3 and OsMPK6 was reduced in OsMAPKKK11/18 RNAi cells. Previously, OsMKK4, a MAPKK, has been demonstrated to activate OsMPK3 and OsMPK6 strongly (Kishi-Kaboshi et al. 2010) , whereas OsMKK5 had only slight activity. Therefore, we examined whether OsMAPKKK18 interacts with OsMKK4 and OsMKK5 in a yeast two-hybrid assay. We found that the kinase domains of OsMAPKKK18, but not other domains or the full-length protein, interacted with OsMKK4 (Fig. 5A) . However, no interaction of OsMAPKKK18 with OsMKK5 was observed. In addition, the in vitro phosphorylation experiments showed that the kinase domain of OsMAPKKK18 phosphorylated OsMKK4 (Fig. 5B) . Thus, it is possible that OsMAPKKK18 may function as the MAPKKK for OsMKK4. Altogether, these data indicate a possible signaling pathway composed of OsCERK1-OsRLCK185-OsMAPKKK18-OsMKK4-OsMPK3/ OsMPK6 (Fig. 5C) , which is paralleled by the Arabidopsis pathway composed of CERK1-PBL27-MAPKKK5-MKK4/MKK5-MPK3/MPK6 (Yamada et al. 2016) .
Discussion
Many studies have indicated that MAPK cascades play critical roles in a variety of cellular processes, including growth, development and immunity in plants. In addition, the importance of MAPK cascades in these processes has been demonstrated by the identification of many substrates for MAPKs; MAPKs phosphorylate many transcription factors that play key roles in several biological processes. However, how MAPKKKs, the starting molecules of MAPK cascades, are activated in plants is largely unknown. There are only a few examples in relation to MAPKKK activation. Tobacco MAPKKK NPK1 is a key regulator of cytokinesis. NPK1 is activated by binding to the kinesin-like protein NACK1, and subsequently activates the MAPK cascade consisting of MAPKK NQK1-MAPK NRK1 (Nishihama et al. 2002) . In Arabidopsis, MEKK1 is phosphorylated during cold stress (Furuya et al. 2013 ). However, genetic experiments indicating that the phosphorylation is involved in MEKK1 activity are lacking.
In plants, MAPK cascades are often activated downstream of cell surface receptors in development and immunity (Xu and Zhang 2015) . However, the molecular mechanisms by which the receptors transmit the signals to the intracellular MAPK cascade had been largely unknown so far. Very recently, we discovered that Arabidopsis RLCK PBL27 connects cell surface chitin receptor to the MAPK cascade by phosphorylation of MAPKKK5 by PBL27 in a CERK1-dependent manner (Yamada et al. 2016) . Because OsRLCK185 is the rice ortholog of PBL27, we speculated that the rice ortholog of Arabidopsis PBL27 may regulate chitin-induced activation of MAPKs in rice. Based upon this possibility, we isolated OsMAPKKK11 and OsMAPKKK18 and found that at least OsMAPKKK18 regulates chitin-induced MAPK activation in rice.
In this study, we did not obtain evidence that OsMAPKKK11 regulates chitin-induced MAPK activation, because MAPK activation was not influenced by its knockout mutation. However, overexpression of OsMAPKKK11 in Nb leaves induced cell death, indicating that OsMAPKKK11 is likely to be biologically active. No or a weak contribution of OsMAPKKK11 to chitin-induced MAPK activation may be explained by the fact that the expression level of OsMAPKKK11 was very low compared with that of OsMAPKKK18 in rice cells.
Silencing of OsRLCK185 suppressed both MAPK activation and ROS production induced by the perception of chitin. However, ROS production was not affected by silencing of OsMAPKKK11 and OsMAPKKK18, indicating that OsRLCK185 is a possible branching point dividing into two pathways leading to MAPK activation or ROS production. In Arabidopsis, chitin-induced MAPK activation and ROS production are mediated by different RLCKs; PBL27 regulates MAPK activation (Shinya et al. 2014) and RLCK BIK1 activates chitin-induced ROS production by phosphorylation of the NADPH oxidase RbohD (Kadota et al. 2014) . Because the ROS production is suppressed by silencing of OsRLCK185 (Yamaguchi et al. 2013a) , it is possible that OsRLCK185 might regulate rice Rboh activity involved in the chitin response in addition to OsMAPKKK18-mediated MAPK activation. OsRLCK176, belonging to the RLCK family close to BIK1, also regulates chitininduced MAPK activation downstream of the CERK1-CEBiP receptor complex (Ao et al. 2014) . However, OsRLCK176 did not interact with either OsMAPKKK11 or OsMAPKKK18 in yeast. Thus, it may be possible that OsRLCK176 regulates MAPK activation through different MAPKKKs.
In Arabidopsis, PBL27 directly phosphorylates the C-terminal region of MAPKKK5. In addition, genetic and biochemical experiments on PBL27-mediated MAPK signaling indicated that the phosphorylation of MAPKKK5 by PBL27 is required for chitin-induced MAPK activation, suggesting that MAPKKK5 is biochemically activated through PBL27-mediated phosphorylation of its C-terminal region. In this study, we discovered that OsRLCK185 directly phosphorylates the N-and C-terminal regions of OsMAPKKK18, suggesting that the activation of OsMAPKKK18 may be controlled by phosphorylation of either of the regions by OsRLCK185. It is also possible that the phosphorylation of both regions may be required for activation of OsMAPKKK18. How the phosphorylation of OsMAPKKK18 regulates its activity is an intriguing question (Wang et al. 2017) .
During the review process of this manuscript, Wang et al. (2017) reported that OsRLCK185 phosphorylates OsMA PKKK24 (OsMAPKKK"), and silencing of OsMAPKKK24 slightly reduces chitin-induced MAPK activation in rice. However, whether OsMAPKKK18 and OsMAPKKK24 redundantly functions in chitin signaling remains to be analyzed.
Recently, we identified a phospho-signaling pathway consisting of CERK1-PBL27-MAPKKK5-MKK4/MKK5-MPK3/MPK6 in Arabidopsis (Yamada et al. 2016) . The fact that OsRLCK185, OsMAPKKK18 and OsMKK4 are rice counterparts to Arabidopsis PBL27, MAPKKK5 and MKK4, respectively, suggests a rice signaling pathway composed of OsCERK1-OsRLCK185-OsMAPKKK18-OsMKK4-OsMPK3/OsMPK6. Thus, it is likely that chitin signaling pathways operate in a similar manner in rice and Arabidopsis. Further study may reveal that the RLCK family functions as a MAPKKK kinase downstream of other PRRs.
Materials and Methods
Plasmids
DNA fragments of OsMAPKKK11, OsMAPKKK18, OsRLCK185, OsMKK4 and OsMKK5 were PCR-amplified using gene-specific primers (Supplementary  Table S1 ), and ligated into a pENTR/D-TOPO vector (Invitrogen). Point mutations in OsMAPKKK18 and OsMKK4 were generated by PCR-mediated substitution of the sequences encoding the corresponding amino acid residues. A kinase-inactive mutant, OsMAPKKK18 K416R , was made by replacing Lys416 in OsMAPKKK18 with arginine. A kinase-inactive mutant, OsMKK4 , was made by replacing Lys122 in OsMKK4 with arginine. For transient expression in Nb leaves, the OsMAPKKK18 coding region in pENTR/D-TOPO was transferred into pGWB5 (Nakagawa et al. 2007 ). For RNAi vectors, 302 bp of the untranslated region of OsMAPKKK11 and 300 bp of the untranslated region of OsMAPKKK18 were PCR-amplified. These amplified products were combined by PCR, cloned into pENTR/D/TOPO and subcloned into pANDA using an LR clonase reaction (Miki and Shimamoto 2004) .
Rice transformation
Calli generated from embryos of rice cultivar Nipponbare were transformed using Agrobacterium tumefaciens EHA101 as described previously (Hiei et al. 1994) . T 0 plants were regenerated from transformed calli and selected using resistance to hygromycin. Suspension-cultured cells were also prepared from transformed calli or from calli generated from T 0 plant seeds.
Yeast two-hybrid assay DNA fragments of OsRLCK176, OsRLCK185, OsMAPKKK11, OsMAPKKK18, OsMKK4 and OsMKK5 coding regions were transferred into vectors pBTM116 (bait vector) and/or pVP16 (prey vector). The yeast two-hybrid interaction was analyzed based on the requirement for histidine for yeast growth as described previously (Ishikawa et al. 2014 ).
BiFC
DNA fragments of OsRLCK176 and OsRLCK185 in pENTR/D-TOPO were inserted into pDEST-GW VYCE (Gehl et al. 2009 ) for BiFC assays. DNA fragments of OsMAPKKK11 and OsMAPKKK18 in pENTR/D-TOPO were inserted into pDEST-GW VYNE (Gehl et al. 2009 ) for BiFC assays. The expression vectors were transformed into A. tumefaciens C58 by electroporation. Transformed A. tumefaciens in buffer containing 10 mM MgCl 2 , 10 mM MES-NaOH, pH 5.6, and 150 mM acetosyringone was syringe-infiltrated into Nb leaves, as reported previously (Yamaguchi et al. 2013a ).
Gene expression
Rice cultured cells were treated with 2 mg ml -1 chitin for 6 h. Total RNA was isolated from chitin-treated rice cultured cells using TRIzol reagent (Invitrogen), and treated with DNase I (Roche). First-strand cDNAs synthesized from 1 mg of total RNA were analyzed by quantitative RT-PCR using a Step-One Plus RealTime PCR system (Applied Biosystems) and normalized against a ubiquitin reference gene. Three biological replicates were used for each experiment, and two quantitative replicates were performed for each biological replicate.
In vitro phosphorylation assay
The recombinant proteins were expressed using a cold-shock bacterial expression system (TAKARA) or a pMAL protein fusion and purification system (New England Biolabs). GST-fused OsRLCK185 was purified using glutathione-Sepharose 4B (GE Healthcare) and eluted using 50 mM glutathione. His-tagged OsMAPKKK18 was purified using Metal Affinity Resin (TALON) and eluted using 200 mM imidazole. maltose binding protein (MBP)-fused OsMKK4 K122R was purified using amylose resin (New England Biolab). The kinase activity assay was performed in 40 ml of a reaction mixture containing 50 mM HEPES (pH7.6), 10 mM MgCl 2 , 100 mM ATP, 1 mM dithiothreitol (DTT), 1 mg of kinase and 1 mg of substrate. The assay was initiated by adding 0.4 ml (4mCi) of [g-32 P]ATP, and the reaction mixture was incubated for 1 h at 25 C. The reaction was terminated by the addition of 6 Â SDS sample buffer and subsequent incubation at room temperature for 10 min. Samples were separated by SDS-PAGE. The 32 P-labeled bands were detected using an FLA-7000 imaging analyzer (Fuji Film) and Multi Gauge version 3.0 software (Fuji Film).
ROS production
For measurement of ROS, rice cultured cells were subcultured for 3 d in a fresh medium. The medium was removed and replaced by a fresh medium containing 0.5 mM L-012 (Wako Chem) and 10 mg ml -1 horseradish peroxidase. Rice cultured cells were treated with 2 mg ml -1 chitin, and ROS production was quantified using a Mithras LB940 Multimode Microplate Reader (Berthold Technologies).
Supplementary data
Supplementary data are available at PCP online. 
